Introduction
============

Creating artificial photosynthetic devices that can mimic natural light-driven processes is one of the major challenges for sustainable energy production.[@cit1] The chemical compounds utilised as the main components in such devices typically contain three major building blocks: a chromophore which is responsible for the efficient visible light energy harvesting, and donor and acceptor moieties which are responsible for the formation of long-lived charge separated radical-ion pairs upon photoexcitation.[@cit2]

Fullerenes possess excellent electron accepting capacity[@cit3] and have low reorganisation energies[@cit4] encouraging electron-transfer processes. They have therefore been extensively utilised as a component in artificial photosynthetic systems.[@cit5] Combining C~60~ fullerene with a suitable electron donor results in the formation of donor--acceptor (D--A) dyads potentially capable of generating the long-lived charge-separated states, the key intermediate in operation of photovoltaic devices, organic electronics and photocatalysis.[@cit6] A wide variety of organic and transition metal containing electron donor units have been linked to fullerene cages,[@cit7] including metalloporphyrins[@cit8] and phthalocyanines,[@cit9] cyanines, Ru and Re bipyridine complexes,[@cit10] boron dipyrrins,[@cit11] tetrathiafulvalenes[@cit12] and metallocenes.[@cit13] The photochemical properties of these compounds can be controlled by the nature of the chosen electron donor as well as the nature[@cit14] and the length[@cit15] of the linker between the donor and the acceptor moieties. Varying the method of addition of electron donor units *via* covalent functionalization of the fullerene cage with conjugated[@cit16] or non-conjugated[@cit17] linkers or *via* non-covalent supramolecular interactions such as axial coordination,[@cit18] hydrogen bonding, ammonia-crown ether coordination and mechanical interlocking into rotaxane and catenane type compounds[@cit19] has enabled the donor moiety to be positioned in close proximity to the fullerene cage or to spatially separate the D and A units. In this way the lifetimes of the resulting charge-separated states can be tuned. One of the major obstacles in stabilising charge separation in these systems is the formation of the fullerene triplet excited state (^3^C~60~\*, 1.51 eV).[@cit20] This state is often lower in energy than the corresponding charge-separated state and therefore is formed as the final product instead of the desired long-lived radical-ion pair;[@cit21] in this case, energy transfer tends to outcompete the electron-transfer process. Attempts to address this issue have included shortening the linkers between the fullerene and donor moieties; for example, in Ru^II^(bpy)-type MLCT chromophores where the extraordinarily short D--A distance should have a kinetically favoured electron-transfer process. Nonetheless this results in the formation of a fullerene triplet as the lowest excited state.[@cit10b] Utilising Zn-porphyrin donor moieties brings the energy of the charge-separated state (CSS) slightly below the fullerene triplet (1.3--1.6 eV),[@cit22] and utilising a cascade Zn-porphyrin/ferrocene donor system lowers the energy of CSS state to as low as 1.05 eV.[@cit23] Only a small number of recent examples report systems with the CSS energy below 1 eV, which all utilise organic metal-free donors such as tetraalkylphenylenediamine.[@cit24]

Clearly, in order to achieve the lowest energy charge-separated state involving a fullerene anion, a strong electron donor is required. Square-planar d^8^ Pt-diimine complexes are excellent chromophores due to ligand-to-ligand charge-transfer (LLCT) transitions in the visible region of the spectrum[@cit25] and, if suitable ligands are used, are also strong electron donors. Given an ultrafast intersystem crossing which is common in transition metal complexes,[@cit26] the lowest charge-separated state in Pt([ii]{.smallcaps}) complexes is expected to be triplet in nature, further lowering its energy. Phenolates/thiolates, catecholates and acetylides are commonly used as electron donor ligands.[@cit27] Pt^II^-diimine chromophores[@cit28] have been exploited as building blocks for non-linear optical devices,[@cit29] light-emitting diodes,[@cit30] solar cells,[@cit31] singlet oxygen sensing devices,[@cit32] and photocatalytic applications.[@cit33],[@cit34] Surprisingly, only a few examples of combining C~60~ fullerene with Pt([ii]{.smallcaps})-diimine chromophores have been reported, and none where the lowest excited state is a charge-separated one. Fullerene-modified Pt([ii]{.smallcaps}) diimine complexes containing phenothiazine[@cit35] and carbazole[@cit36] donor units have been reported. However, as both phenothiazine and carbazole groups are relatively weak electron donors, the energies of the corresponding charge separated states in these systems are higher than that of the ^3^C~60~\*, which again acts as an energy sink.

This study details the design and a synthesis of a highly soluble and stable fullerene-Pt([ii]{.smallcaps}) assembly which incorporates the 3,5-di-*tert*-butylcatechol group as a strong electron donor D with the aim of significantly lowering the energy of the charge-separated state to below that of the fullerene triplet state. We have successfully prepared a cascade electron-transfer A~2~--A~1~--Pt--D system where a diimine ligand (a derivatized 2,2′-bipyridine) acts as the primary acceptor (A~1~) with C~60~ acting as a stronger, secondary acceptor (A~2~). In this charge-transfer triad, the (diimine)Pt(catecholate) moiety, A~1~--Pt--D, and the C~60~ can act as chromophores and initiate electron-transfer cascade events upon absorption of light. We investigated the ground state properties of this triad using absorption spectroscopy, cyclic voltammetry, UV/vis, infrared (IR) and electron paramagnetic resonance (EPR) spectroelectrochemical techniques, and DFT calculations. The photoinduced processes in the triad are investigated by transient absorption and time-resolved IR (TRIR) spectroscopy. In general, TRIR spectroscopy is a widely used tool to probe charge-transfer processes in the excited state as it is sensitive to the local electron density redistribution upon photoexcitation, and accordingly has been successfully used to study excited state dynamics in a diverse range of Pt([ii]{.smallcaps}) donor--acceptor assemblies.[@cit27],[@cit28],[@cit37],[@cit38] Yet application of TRIR to fullerene-containing assemblies has so far been reported for only a handful of systems, all of which involve photovoltaic polymer blends containing fullerene cages specially derivatized by an infrared-active group such as an ester.[@cit39] Here, we demonstrate how TRIR can be used to monitor charge-transfer and excited state dynamics in a fullerene-based donor--acceptor assembly based on the formation of the *fullerene cage anion itself*. The performance of this fullerene-bipyridine-Pt-catechol triad is compared with known fullerene-based D--A systems and bipyridine-Pt-catechol complexes. The first direct identification of a fullerene-anion by infrared and time-resolved infrared spectroscopies confirms the stabilisation of the lowest energy charge-separated state with an appreciable lifetime of 890 ps in the Pt([ii]{.smallcaps})-fullerene donor--acceptor assembly.

Results and discussion
======================

Synthesis of the target Pt([ii]{.smallcaps}) complexes
------------------------------------------------------

The synthesis of square-planar diimine-platinum([ii]{.smallcaps}) complexes are usually based on two key steps.[@cit40] First, a chelate dichloroplatinate complex is formed by reaction of diimine with Pt(DMSO)~2~Cl~2~, and this is followed by nucleophilic substitution of the two chloride ligands with the corresponding electron donor ligand(s) ([Scheme 1a](#sch1){ref-type="fig"}). Following this synthetic route we designed the fullerene containing bipyridine ligand **1** which was successfully prepared in a 40% yield *via* a Prato reaction[@cit41] of C~60~ fullerene with the corresponding 4′-methyl-2,2′-bipyridine-4-carbaldehyde **6**[@cit42] and N-substituted aminoacid **5**. The 3,5-di-*tert*-butyl substituted phenyl ring was introduced at the nitrogen centre of the pyrrolidine ring in order to increase the solubility of the target compound,[@cit43] and this was achieved by targeting the corresponding N-substituted glycine **5**. Compound **5** was synthesised in two steps[@cit44]*via* reductive amination of 3,5-di-*tert*-butyl benzaldehyde with glycine methyl ester in the presence of Na\[BH(OAc)~3~\] to give the methyl ester **4** in 70% yield, followed by hydrolysis of **4** to give the carboxylic acid **5** in 80% yield ([Scheme 1b](#sch1){ref-type="fig"}). C~60~-bipyridine ligand **1** was reacted with Pt(DMSO)~2~Cl~2~, prepared according to the reported procedure[@cit45] from K~2~PtCl~4~ to give the fullerene containing chelate dichloroplatinum complex **2** in 90% yield.

![(a) Synthetic route towards fullerene-bipyridine-Pt-catechol complex **3***via* the formation of the fullerene-bipyridine-platinum dichloride complex **2**, and synthesis of (b) *N*-functionalised glycine **5** and (c) the aldehyde group containing bipyridine derivative **6**.](c5sc04271b-s1){#sch1}

However, in our hands, substitution of chloride ligands in **2** with sodium 3,5-di-*tert*-butylcatecholate did not result in the formation of the desired complex **3**, rather an insoluble material was isolated. This may be due to side reactions of one or more of the double bonds of the fullerene cage with the nucleophilic catecholate anion resulting in the formation of oligomers and polymers. To avoid this, we developed an alternative synthetic route in which chloride substitution was performed prior to the introduction of the fullerene cage to the platinum complex ([Scheme 2](#sch2){ref-type="fig"}). Thus, Pt(DMSO)~2~Cl~2~**7** was treated with sodium catecholate to give the Pt([ii]{.smallcaps})-catecholate complex **8** in 70% yield. The DMSO ligands in **8** were then substituted with 4′-methyl-2,2′-bipyridine-4-carbaldehyde **6** to give the bipyridine-platinum catecholate complex **9**. Complex **9** was then successfully utilised in a Prato reaction with C~60~ fullerene and the glycine derivative **5** to give the desired complex **3** in 20% yield. Complex **3** was purified by chromatography silica gel using a mixture of toluene/acetonitrile (97 : 3 followed by 94 : 6) as eluent. Complex **3** is highly soluble and stable in common organic solvents such as toluene, THF, DMF, CH~2~Cl~2~, and CS~2~, but decomposes rapidly in CHCl~3~ possibly due to the reaction with trace amount of HCl in the solvent.

![Alternative synthetic route towards the donor--acceptor complex **3***via* the Prato reaction of the aldehyde group tagged bipyridine-Pt-catecholate unit and C~60~ fullerene. Molecular structures of the model dyads (4,4′-diMe-bpy)Pt(cat) (**10**) and (4,4′-di^*t*^Bu-bpy)Pt(cat) (**11**) are also shown.](c5sc04271b-s2){#sch2}

Spectroscopic characterisation
------------------------------

Complex **3** is a strong light-absorber and possesses rich electrochemical properties, with multiple redox states being accessible. The UV/vis spectrum of **3** can be considered a superposition of the UV/vis spectra of the functionalised C~60~ fullerene and the platinum diimine catecholate complex with no evidence of intramolecular charge-transfer from the bipyridine-Pt-catechol moiety to the fullerene cage observed in the ground state ([Fig. 1a](#fig1){ref-type="fig"}). This is a common phenomenon in fullerene containing dyads with organic[@cit46] and transition-metal binding[@cit47] groups where the donor and acceptor moiety are separated by non-conjugated linkers with one or more sp^3^ carbon atoms. The band corresponding to absorption of the pyrrolidine functionalised fullerene cage is observed at 436 nm; it is identical to the bands observed in the spectra of the (C~60~-bpy)PtCl~2~**2** and the free ligand **1** (see ESI file[†](#fn1){ref-type="fn"}), and is consistent with previously reported \[6,6\]-adducts of C~60~.[@cit48] A strong, broad and featureless absorption band at 500--700 nm is observed for **3** and in its fullerene-free analogue,[@cit38] but not observed for **1** or **2**, and is assigned to ligand-to-ligand charge-transfer (LLCT) from the catecholate group to the bipyridine moiety of **3**, with an additional contribution from the Pt centre d-orbitals, as confirmed by the spectroelectrochemical experiments discussed later.[@cit49] The LLCT band shows negative solvatochromic behaviour, where the energy of the lowest absorption band decreases linearly with a decrease in solvent polarity[@cit50] ([Fig. 1](#fig1){ref-type="fig"}),[@cit25] with the slope of 0.49 eV similar to that reported for other Pt(bpy)(cat) complexes.[@cit28] As the fullerene-based absorption band is not sensitive to the nature of the solvent, the solvatochromism of the LLCT transition of the (bpy)Pt(cat) moiety provides a useful mechanism by which to control the light absorption properties of fullerene-Pt(diimine) assemblies, enabling absorption of energy across the entire visible spectrum.

![(a) UV/vis absorption spectra of complex **3** recorded in solvents of different polarity and (b) the cyclic voltammogram of **3** in DMF with \[^*n*^Bu~4~N\]\[BF~4~\] (0.2 M) as supporting electrolyte at a scan rate of 0.1 V s^--1^.](c5sc04271b-f1){#fig1}

The redox properties of compounds **1--3** were studied by cyclic voltammetry. The cyclic voltammogram of complex **3** shows three quasi-reversible and one irreversible reduction processes and one quasi-reversible oxidation process ([Fig. 1b](#fig1){ref-type="fig"}):

Comparison of the redox potentials of the fullerene-bipyridine ligand **1**, (C~60~-bpy)PtCl~2~ complex **2** and (C~60~-bpy)Pt(cat) complex **3** ([Table 1](#tab1){ref-type="table"}) suggests that the one-electron reduction processes occurring at potentials of --0.87/--0.85 V, --1.31 V and --1.98/--2.00 V in all complexes correspond to the sequential fullerene cage reductions C~60~/C~60~^1--^, C~60~^1--^/C~60~^2--^ and C~60~^2--^/C~60~^3--^ respectively, as these values are virtually identical for all the complexes studied. The process at --1.67 V in **2** and --1.79 V in **3**, which is not observed in uncoordinated **1**, most likely corresponds to the one-electron reduction of the bpy-ligand coordinated to the Pt([ii]{.smallcaps}) centre, although a metal-based redox process cannot be discounted. This reduction potential is somewhat affected by the co-ligands in **2** and **3** and is shifted to a more negative value in **3** due to the electron donating nature of the catecholate moiety.[@cit40] The oxidation process for **3** at --0.10 V is not observed in **1** or **2**, and most likely corresponds to formation of the semiquinone form of catecholate;[@cit49] this potential is very close to that of analogous Pt(diimine)(cat).[@cit38]

###### Electrochemical data[^*a*^](#tab1fna){ref-type="fn"} for compounds **1--3**

  Compound               *E* ~1/2~ox     *E* ~1/2~red~1~   *E* ~1/2~red~2~   *E* ~1/2~red~3~   *E* ~1/2~red~4~
  ---------------------- --------------- ----------------- ----------------- ----------------- -----------------
  **1**                  ---             --0.85 (0.07)     --1.31 (0.07)     ---               --1.98 (0.07)
  **2**                  ---             --0.87 (0.06)     --1.31 (0.06)     --1.67 (0.06)     --2.00 (0.06)
  **3**                  --0.10 (0.07)   --0.87 (0.06)     --1.31 (0.06)     --1.79 (0.07)     --2.00 (0.09)
  (bpy)Pt(cat)[@cit44]   --0.14          ---               ---               --1.74            ---

^*a*^Potentials (*E*~1/2~ = (*E*ap + *E*cp)/2) in V quoted to the nearest 0.01 V. All potentials are reported against the Fc^+^/Fc couple for 0.5--1.0 mM solutions in DMF containing 0.2 M \[^*n*^Bu~4~N\]\[BF~4~\] as the supporting electrolyte. The anodic/cathodic peak separation (Δ*E* = *E*ap -- *E*cp) is given in brackets.

To elucidate the localization of electron density in the one-electron reduced and oxidised species, and to determine the nature of the frontier orbitals in **3**, UV/vis and EPR spectroelectrochemistry on **3** was performed. Electrolysis of a solution of complex **3** in DMF containing \[^*n*^Bu~4~N\]\[BF~4~\] (0.2 M) as supporting electrolyte was performed at 243 K by applying the potentials corresponding to the first, second and third reductions and the first oxidation of **3**. UV/vis and EPR spectra of the corresponding reduced/oxidised states and intermediates were recorded, allowing the nature, reversibility and stability of each process/state to be assessed.

The spectra corresponding to the individual redox states of **3** are presented in [Fig. 2](#fig2){ref-type="fig"}, and the absorption data and simulated EPR parameters are summarised in [Table 2](#tab2){ref-type="table"}. The first reduction and first oxidation processes were found to be chemically reversible under the conditions of the experiment. However, the second, third and fourth reduction processes are found to be unstable and chemically irreversible under these conditions. The UV/vis spectrum of **3^1--^**, generated by applying a potential of --1.09 V to the neutral sample ([Fig. 3a](#fig3){ref-type="fig"}), shows the disappearance of the absorption band at 436 nm, assigned to the functionalised fullerene, and an increase in absorbance in the 700--900 nm region which is characteristic of a fullerene C~60~˙^--^ monoanion.[@cit51] Fullerene monoanions show absorption bands in the NIR region at approximately 1000--1100 nm,[@cit4],[@cit52],[@cit60] which was outside the spectral range accessible in our experiments. The solution X-band EPR spectrum of **3^1--^** at room temperature ([Fig. 2a](#fig2){ref-type="fig"}, inset) shows an isotropic signal with *g*~iso~ = 2.001 which is also characteristic for fulleropyrrolidine monoanions[@cit53],[@cit54] and confirms that the SOMO of the radical-anion **3^1--^**, and therefore the likely LUMO of **3**, is localised on the fullerene cage. The two-electron reduced **3^2--^** species, generated by applying a potential of --1.57 V to the neutral sample, possesses a UV/vis spectrum similar to **3^1--^** with a further increase in the strength of the absorbance in the 700--900 nm region, consistent with the formation of a fullerene dianion ([Fig. 2b](#fig2){ref-type="fig"}).[@cit46] The absence of a strong signal in the EPR spectrum of **3^2--^**, with only a very weak residual signal corresponding to the presence of trace amounts of the **3^1--^**, is consistent with EPR data previously reported for fulleropyrrolidine dianions[@cit55] and confirms the formation of a species in which the C~60~ moiety is doubly reduced with the two electrons paired on the LUMO of the fullerene. The UV/vis spectrum of **3^3--^**, generated by applying a potential of --1.91 V to the neutral sample, is drastically different from the spectra of **3^2--^** ([Fig. 2c](#fig2){ref-type="fig"}) and shows new absorption bands at 523 nm, 487 nm, 453 nm and 368 nm with high extinction coefficients. Such bands have been observed previously for one-electron reduced bipyridyl complexes[@cit55] implying that the third reduction of **3** occurs on the bipyridine unit. Additionally, the frozen solution X-band EPR spectrum of the **3^3--^** recorded at 77 K ([Fig. 2c](#fig2){ref-type="fig"}, inset) shows a rhombic signal with *g*-values and hyperfine coupling which are very similar to the EPR spectra reported previously for related bipyridyl-platinum systems.[@cit55] The intense central feature is assigned to an organic radical formed as a result of decomposition of the sample and has been observed previously in bulk electrolysis experiments of solutions containing fullerene.[@cit56] We were not able to determine the nature of the 4^th^ reduction process due to the low stability of the multi-electron reduced species.

![UV/vis spectra of **3** (blue line in all cases) and the different electrochemically generated radical ion species for the formation of (a) **3^1--^** (red line), (b) **3^2--^** (green line), (c) **3^3--^** (purple line) and (d) **3^1+^** (orange line) with transitional spectra included for all processes (grey lines). All spectra were recorded in DMF solution containing 0.2 M \[^*n*^Bu~4~N\]\[BF~4~\] as supporting electrolyte. The X-band EPR spectra (black line, inset) and corresponding simulated EPR spectra (red line, inset) of each electrochemically generated species were recorded as (a) a fluid solution spectra for **3^1--^** at 298 K, (c) a frozen solution spectra of **3^3--^** at 77 K, and (d) a frozen solution spectra for **3^1+^** at 77 K.](c5sc04271b-f2){#fig2}

###### UV/vis and EPR spectroscopic data for **3** and its electrochemically generated radical ion species, in DMF, see [Fig. 1](#fig1){ref-type="fig"} caption for details

  Compound           UV/vis: *λ*, nm (*ε* × 10^--3^, dm^3^ mol^--1^ cm^--1^)                                    EPR[^*a*^](#tab2fna){ref-type="table-fn"}                                     
  ------------------ ------------------------------------------------------------------------------------------ ------------------------------------------- --------------------------------- ------
  **3**              587 (6.88), 436 (6.64)                                                                     ---                                         ---                               ---
  **3^1--^**         893 (5.49), 785 (4.82), 580 (10.62)                                                        *g* ~iso~ 2.001                             ---                               0.85
  **3^2--^**         871 (8.48), 725 (6.96), 577 (9.44), 363 (26.32)                                            ---                                         ---                               ---
  **3^3--^**         871 (12.16), 725 (10.00), 577 (9.68), 523 (13.60), 487 (12.88), 453 (12.72), 368 (41.20)   *g* ~*xx*~ 1.998                            *A* ~*xx*~ --78.3 (*a*~2H~ 5.6)   4.5
  *g* ~*yy*~ 2.040   *A* ~*yy*~ --60.0                                                                          9                                                                             
  *g* ~*zz*~ 1.915   *A* ~*zz*~ --28.6 (*a*~2H~ 12.0)                                                           15                                                                            
  **3^1+^**          605 (4.82), 502 (7.54), 473 (9.59), 434 (8.51)                                             *g* ~*xx*~ 2.042                            *A* ~*xx*~ 33.4                   20
  *g* ~*yy*~ 2.004   *A* ~*yy*~ 52.4                                                                            9                                                                             
  *g* ~*zz*~ 1.951   *A* ~*zz*~ 18.0                                                                            13                                                                            

^*a*^ *g*-Values, *A* constants and linewidths are obtained from the simulation of the experimental spectra using WINEPR SimFonia, Shareware version 1.25, Bruker Analytische Messtechnik GmbH; Lorentzian lineshape for simulation of the fluid solution EPR spectra and Gaussian lineshape for simulation of the frozen solution EPR spectra.

![IR spectra of **2** (black line) and electrochemically generated **2^1--^** (red line) recorded in CH~2~Cl~2~ solutions containing 0.2 M \[^*n*^Bu~4~N\]\[BF~4~\] electrolyte. The asterisks refer to incomplete solvent subtraction.](c5sc04271b-f3){#fig3}

The UV/vis spectrum of the one electron oxidised **3^1+^**, generated by applying a potential of 0.09 V to the solution of **3**, shows the depletion of the LLCT band at 587 nm and formation of several new bands at 430--510 nm and in the 580--620 nm region. These bands can be assigned to absorption due to semiquinone radical cation bound to Pt^II^.[@cit55] The frozen solution EPR spectrum of **3^1+^** recorded at 77 K ([Fig. 2d](#fig2){ref-type="fig"}, inset) can be assigned to a radical cation in which the unpaired electron is localised predominantly on the catecholate ligand with a small contribution from Pt, suggesting that the HOMO of **3** is localised mainly on the catecholate moiety. The hyperfine splitting constants for **3^1+^** are very similar to those observed in fullerene-free analogous compounds, indicating a similar noteworthy contribution of Pt orbitals in the SOMO.[@cit40],[@cit55]

Therefore, based on UV/vis and EPR spectroelectrochemical data, complex **3** is a donor--acceptor--stronger acceptor (D--A~1~--A~2~) assembly with significant charge storing capacity *via* formation of multiple redox states ([Scheme 3](#sch3){ref-type="fig"}). The HOMO is located on the catecholate moiety with a small contribution from Pt, and the low-lying LUMO is located on the fullerene cage. No ground-state electronic intramolecular interactions have been observed in complex **3**. However the HOMO--LUMO gap of approx. 0.77 eV as estimated from electrochemical data is relatively small, and therefore intramolecular charge-transfer processes can be expected in the excited state upon absorption of visible light.

![(a) Schematic representation of the sequential electrochemical processes occurring in complex **3** upon reduction/oxidation and (b) corresponding qualitative energy level diagram for the frontier molecular orbitals deduced from cyclic voltammetry, spectroelectrochemical and EPR measurements (the HOMO, LUMO and LUMO+1 are located predominantly on the catecholate, fullerene and bipyridine moieties of the complex **3** respectively).](c5sc04271b-s3){#sch3}

Photoinduced charge separation
------------------------------

The nature and dynamics of the excited states derived from **3** have been resolved by femtosecond time-resolved IR studies, aided by transient absorption spectroscopy. The IR spectra of C~60~ and its mono- and di-anions in both the gas phase and solid state display several major features including vibrational bands at 1530 and 1408 cm^--1^ for the C~60~˙^--^ monoanion.[@cit57] However, to the best of our knowledge no experimental or theoretical reports of the IR spectra of fulleropyrrolidine anions in solution have been described. We therefore performed IR spectroelectrochemical studies on a (C~60~-bpy)PtCl~2~, **2**, in CH~2~Cl~2~ solution in the presence of \[^*n*^Bu~4~N\]\[BF~4~\] as supporting electrolyte, and recorded the IR spectra of the electrochemically generated one- and two-electron reduced species, **2^1--^** and **2^2--^** respectively. Due to strong IR absorbancies of the electrolyte solution below 1500 cm^--1^, IR spectra were investigated over the range from 1500--1650 cm^--1^. A strong band at 1530 cm^--1^ developed upon electrochemical generation of **2^1--^**; this is not present for **2** and disappears upon further reduction to **2^2--^** ([Fig. 3](#fig3){ref-type="fig"}). This band is not present in the spectra of radical-anions of fullerene-free **10**.[@cit39]

This result is consistent with the observed spectra of C~60~˙^--^ monoanion in a Ne matrix,[@cit58] and to the best of our knowledge is the first reported example of the characteristic IR signature of a C~60~-fulleropyrrolidine monoanion in solution. The 1530 cm^--1^ band can serve a spectroscopic marker for C~60~˙^--^ in solution.

TRIR spectroscopy of **3** was performed in CD~2~Cl~2~ solution under 400 nm, ∼50 fs excitation ([Fig. 4](#fig4){ref-type="fig"}, [5](#fig5){ref-type="fig"}). Upon excitation, bleaching of the ground state IR bands is observed, along with the formation of multiple transient bands which can be assigned by comparison with model dyads ([Fig. 5](#fig5){ref-type="fig"}). The appearance of a transient band at 1530 cm^--1^ in the TRIR spectrum of **3** which does not occur for the control fullerene-free dyad[@cit39] (red spectrum, [Fig. 5b](#fig5){ref-type="fig"}) is of particular importance: as discussed above, this band is assigned to the skeletal vibration of the fulleropyrrolidine monoanion, directly confirming formation of C~60~˙^--^ upon photoexcitation in **3**.

![TRIR spectra of **3** in CD~2~Cl~2~ solution at 298 K upon laser excitation at 400 nm, ∼50 fs pulse, at different time delays. Inset: kinetics at selected frequencies. Symbols are experimental points, and the lines are multiexponential fits to the data using the parameters obtained by a global fit, which yielded lifetimes values of 2.5 (±0.3) ps, 31 (±0.4) ps, and 890 (±17) ps.](c5sc04271b-f4){#fig4}

![(a). TRIR spectra of **3** in CD~2~Cl~2~ at two selected time delays; (b) TRIR spectrum of a model compound **10** (no band at 1530 cm^--1^ observed) obtained under identical conditions to (a); (c) FTIR spectrum of compound **10** in CH~2~Cl~2~.](c5sc04271b-f5){#fig5}

The bleaching of the IR bands corresponding to the cathecholate moiety at 1243, 1288, 1470 and 1484 cm^--1^ is also observed which confirms participation of the catecholate in the excited state.[@cit38] The catecholate-based bleaches persist at later times, and decay concomitantly with the 1530 cm^--1^ feature assigned to C~60~˙^--^. Thus, we conclude that the final excited state in **3** is a C~60~˙^--^-bpy-Pt-Cat˙^+^ radical-ion pair with an energy of 0.77 eV as determined from the difference in the first oxidation and reduction potentials of **3** by cyclic voltammetry (see above). This state is significantly lower in energy than ^3^C~60~\* (1.51 eV) or ^3^MLCT/LLCT\* states (estimated to be in the range of 1.98--2.55 eV as reported for structurally similar systems[@cit28],[@cit35]), and returns to the ground state through charge-recombination with a lifetime of 890 ps (see ESI[†](#fn1){ref-type="fn"}).

Analysis of the early stages of the time dynamics of the TRIR spectra reveals considerable spectral shape evolution, which is complete by *ca.* 100 ps. Multiple bleaches and corresponding transient bands which are present only at early times ([Fig. 5a](#fig5){ref-type="fig"}) largely correspond to bpy-localised vibrational modes (for example, the bleach at ∼1628 cm^--1^), clearly confirming participation of the bipyridyl moiety in the initially populated excited state. The fast decay components resolved by global fit analysis, 2.5 and 31 ps, can be assigned to vibrational cooling of the initially formed LLCT state \[C~60~(bpy˙^--^)Pt(cat˙^+^)\], concomitant with the electron transfer from bpy-anion to the fullerene, forming \[C~60~˙^--^(bpy)Pt(cat˙^+^)\]. The presence of the 1530 cm^--1^ band attributed to C~60~˙^--^ at the earliest detection times, ∼400 fs, indicates that another, ultrafast, channel of photoreduction of fullerene independent of electron-transfer from the bpy-anion also exists in **3**. This parallel channel may originate from the population of ^1^C~60~\* concurrent with that of Pt-based excited states upon 400 nm excitation; ^1^C~60~\* then engages in oxidative quenching of the \[(bpy)Pt(cat)\] (Δ*G* = --0.93 eV), which clearly outcompetes intersystem crossing to ^3^C~60~\*.[‡](#fn2){ref-type="fn"} [^2]

The extremely broad feature appearing as a background offset across the entire IR detection range, but being more pronounced towards higher energies, has dynamics nearly identical to that of the 1530 cm^--1^ transient band, and can be attributed to the residual electronic absorbance of an unpaired electron delocalised over the C~60~-cage in the charge-separated state, of which the major absorbance occurs in the NIR region.[@cit4],[@cit59],[@cit60]

The results of the photoinduced dynamics of **3** deduced from TRIR data are further corroborated by picosecond transient absorption spectroscopy ([Fig. 6](#fig6){ref-type="fig"}, THF, 355 nm, ∼27 ps excitation pulse). The spectra reconstructed using global fit in a sequential model demonstrate the presence of two excited states with lifetimes of *ca.* 15 ps and 890 ps. Bleaching of the cat-to-bpy LLCT band at 675 nm is observed, together with the growth of a new broad transient absorption band at 400--500 nm, as well as absorption developing towards the NIR region of the spectrum. Importantly, the absorption of the fullerene triplet state[@cit58] expected at *ca.* 700 nm was not observed.

![Transient absorption spectra of **3** in THF solution observed upon laser excitation (355 nm) at room temperature. Left: the decay associated spectra obtained by global fit to the data using a cascade model A → B → C, (C = ground state); *τ*~1~ 15 (±6) ps, *τ*~2~ 890 (±80) ps (see text for detail). Right: kinetic traces at selected wavelength (symbols) with the solid lines representing the two-exponential fit to the data using the parameters above.](c5sc04271b-f6){#fig6}

The decay of the transient features and the recovery of the bleach occur synchronously on the sub-nanosecond timescale, and are complete by 3800 ps. The transient band in the 400--500 nm region corresponds to the absorption of the coordinated catechol radical-cation (*ca.* 470 nm, [Fig. 2d](#fig2){ref-type="fig"}), as is anticipated when a charge-transfer excited state is formed. The evolution of both the position of the bleach and the shape of the transient spectra at early times indicate complex dynamics. Such dynamics may involve several convoluted processes including formation of the singlet excited state of the fullerene,[@cit4] as well as initial formation of the bipyridine radical-anion expected in the LLCT state (implied by the bleaching of the LLCT absorption band), which then engages in an electron-transfer process to the fullerene acceptor. The characteristic transient spectra of the LLCT states observed for model compounds **10** and **11** are shown in [Fig. 7a and b](#fig7){ref-type="fig"}. Comparison between the transient spectra of **10**, **11** and **3** ([Fig. 7c](#fig7){ref-type="fig"}) reveals that characteristic bipyridyl radical-anion absorption signatures ([Fig. 2c](#fig2){ref-type="fig"}, [7a--c](#fig7){ref-type="fig"}) are barely distinguishable in the spectrum of **3** at comparatively early times ([Fig. 6](#fig6){ref-type="fig"}, deconvolved from the *ca.* 27 ps instrument response) and are absent from the late-time spectra (blue spectrum, [Fig. 6](#fig6){ref-type="fig"} and [7c](#fig7){ref-type="fig"}). This observation is consistent both with the presence of two independent channels of fullerene-anion population, and with the ∼30 ps timescale of electron transfer from the bipyridyl radical anion formed in the LLCT state to the fullerene, as estimated from the TRIR data. Comparison of the extinction coefficients of **1** and **3** at 400 nm suggests an approximately 1 : 1 population of either channels under 400 nm excitation; however, quantitative information on the relative contribution of each pathway cannot be extracted reliably due to time-resolution limitations. The fulleropyrrolidine radical-anion absorbs over the whole visible range with relatively low extinction coefficients ([Fig. 2a](#fig2){ref-type="fig"}).

![Comparison of the transient absorption spectra obtained for model dyads (a) **10,** (b) **11** and (c) for the lowest excited state of **3**. (d) Kinetic traces (symbols) and multi-exponential fits to the data with the parameters specified in the text (solid lines) for **3** and model compounds.](c5sc04271b-f7){#fig7}

The lifetimes of different processes determined by transient absorption and TRIR methods are mutually consistent. The 2.5 and 31 ps components obtained in the TRIR experiments (∼50 fs excitation pulse) were not resolved in the transient absorption experiments due to the longer pulse length (*ca.* 27 ps instrument response), and appear as one component with a 15 ps lifetime. The 890 ± 80 ps lifetime of the lowest excited state determined by global fit analysis of the transient absorption data is a good match with the value obtained from the TRIR data. Performing the experiment in a more polar solvent, PhCN, yielded similar results on the timescale \>100 ps, but with considerable elongation of the lifetime of the final, charge-separated, excited state to *ca.* 1.9 ns (see [Fig. 7d](#fig7){ref-type="fig"}).

The presence of C~60~-anion in the excited state of **3**, detected by TRIR, should also be evident in the NIR region of the spectrum. The absorption maximum attributed to C~60~-anion has been reported in the region from 1005--1110 nm,[@cit4],[@cit59] with the exact position being strongly dependent on the solvent, and on the chemical functionalisation of the fullerene cage.[@cit60] Femtosecond NIR transient absorption experiments were performed on **3** in DCM, under 400 nm, ∼50 fs excitation, using an adaptation of the setup used for the TRIR studies. The spectra were recorded in several sets of ∼40 nm windows between 1020 and 1200 nm, which permitted analysis of excited state dynamics associated with this spectral region. The NIR range of the spectrum (800--1200 nm) is congested: the bipyridyl radical anion formed in the LLCT excited state, (bpy˙^--^)-Pt-(cat˙^+^) has intense absorption in this region, which would decay as fullerene-anion is being populated, adding complexity to the dynamics. Global fit to the data, consistent between four different experiments at different laser powers and concentrations of **3**, revealed a three-component dynamics, with the rate constants similar to those derived from TRIR experiments. The longest decay component has a lifetime of *ca.* 1 ns, which matches the decay of the catecholate-cation based absorptions observed in the visible region of the spectrum (∼470 nm, [Fig. 2d](#fig2){ref-type="fig"} and [6](#fig6){ref-type="fig"}). Thus the NIR data are consistent with the proposed formation of the charge-separated excited state, \[(C~60~˙^--^-bpy)-Pt-(cat˙^+^)\] as the lowest excited state of **3**.

Comparison of the photophysical properties of **3** with the control fullerene-free bipyridine-Pt-catechol dyads (Mebpy)Pt(cat) **10**, and (^*t*^Bubpy)Pt(cat) **11**, enables the effect of introducing a fullerene cage to the complex to be quantified. Transient absorption experiments reveal the formation of a (bpy˙^--^)Pt(cat˙^+^) radical-ion pair in both **10** and **11**, which have energies of approx. 1.64 eV.[@cit55] Both dyads show rapid formation of a vibrationally hot charge-separated state upon photoexcitation, which, following vibrational cooling with a *ca.* 5 ps lifetime, decays to the ground state with the lifetime of 750 ps for **10**, and 800 ps for **11** ([Fig. 7d](#fig7){ref-type="fig"}). It is worth noting the sub-picosecond ISC has been reported for many small transition metal complexes,[@cit61] and the lowest detected excited state in Pt([ii]{.smallcaps}) diimine catecholates has been assigned as a ^3^MLCT/LLCT in the previous works.[@cit38],[@cit62],[@cit63] It has also been proposed that S~1~ → T~1~ conversion in (bpy)Pt(cat) may be comparatively slow with regard to the IC deactivation of S~1~ to the ground state if *C*~2v~ symmetry is maintained.[@cit64] Since the early time spectra (∼0.5 ps), electronic and vibrational, of the model (diimine)Pt(cat) compounds and the asymmetric **3** are very similar, and no stimulated emission was detected in the transient absorption spectra, we propose that the first detected excited state as ^3^CT, (C~60~-bpy˙^--^)-Pt-(cat˙^+^) in its nature, and that electron transfer from bpy-anion to C~60~-moiety occurs in the triplet manifold.

Although the fullerene cage is an excellent electron acceptor and the energy of the LUMO in **3** is significantly lower than in the control fullerene-free dyad, the lifetime of the charge-separated state in **3** is only slightly different to that of the control dyads, which implies that the rate of the charge recombination is similar in all compounds. A possible explanation comes from comparison of the geometries of **3** and the control dyads. In the fullerene-free dyads the centres of the donor and acceptor moieties are separated by approximately 4.5 Å in the solid state ([Fig. 8c and d](#fig8){ref-type="fig"}).[@cit38] In the fullerene-containing complex **3** the donor catechol moiety and the fullerene cage are separated by a significantly larger number of bonds. However, molecular mechanics (MM) geometry optimisation (please see details of MM in the ESI file[†](#fn1){ref-type="fn"}) of the shape of the molecule reveals the presence of close intramolecular contacts between the bipyridyl group and the C~60~ fullerene cage resulting in so-called 'cup-and-ball' type interactions typical for metalloporphyrin-fullerene complexes ([Fig. 8a](#fig8){ref-type="fig"}).[@cit65] The centres of the two pyridine rings in the bipyridine group are located at a distance of 3.3 and 3.7 Å from the corresponding double bonds of the fullerene cage which is characteristic of π--π interactions ([Fig. 8b](#fig8){ref-type="fig"}).[@cit66] These intramolecular interactions stabilise the conformation of **3** in which the Pt-catecholate moiety is in relatively close proximity to the fullerene cage resulting in the shortest through-space distance between the centre of the Pt-catecholate ring and the fullerene cage being approx. 5.7 Å ([Fig. 8a](#fig8){ref-type="fig"}). This means that the distance between the donor and acceptor moieties in **3** and control fullerene-free dyads are similar with a difference of only approx. 1 Å. This results in similar charge separated state lifetimes for the fullerene-containing and fullerene-free compounds, as in all cases tunnelling is anticipated as the mechanism of charge recombination.

![(a) Molecular mechanics optimised geometry of **3** indicating a distance of 5.7 Å between the centre of the donor moiety and the nearest C-atom of the fullerene cage, and (b) view of a fragment of **3** highlighting the complementary cup--ball interactions between the bipyridyl group and the fullerene cage resulting in close contacts with distances of 3.3 and 3.7 Å, respectively. Geometries of (c) the (Mebpy)Pt(cat) dyad **10**, and (d) the (^*t*^Bubpy)Pt(cat) dyad **11** for which a distance of 4.5 Å between the centres of the donor and acceptor moieties have also been calculated.](c5sc04271b-f8){#fig8}

The overall scheme of excited state processes in the (C~60~-bpy)Pt(cat) triad is summarised in [Fig. 9](#fig9){ref-type="fig"}. Two parallel pathways of forming the desired charge separated excited state are outlined. We note that the population of the ^3^C~60~\* is not observed.

![Schematic representation of light-induced processes in the fullerene-bipy-Pt([ii]{.smallcaps})-cat donor--acceptor assembly. The energies of the excited states are estimated from electrochemical data.](c5sc04271b-f9){#fig9}

The lifetime of 890 ps in THF (NB a lifetime of 1.9 ns in PhCN) achieved for **3** in this study is to the best of our knowledge one of the longest observed for a C~60~-donor assembly where the donor is in close proximity of the fullerene cage (see Table S1[†](#fn1){ref-type="fn"} and [@cit67]), and the first observation of the lowest energy CSS in a transition metal complex-fullerene assembly.

Conclusions
===========

This work demonstrates the design of a fullerene donor--acceptor complex assembly in which photoreduction of the fullerene has been achieved through photosensitisation with a transition metal chromophore, and in which the charge-separated state has been stabilised. In this donor--acceptor assembly, C~60~ fullerene has been successfully incorporated into the (diimine)Pt(cat) moiety which acts both as a chromophore, and as an excited state electron donor. A new synthetic route has been developed which allows the donor catechol moiety to be incorporated into the Pt([ii]{.smallcaps}) centre first, followed by coordination to the aldehyde functionalised bipyridine moiety and subsequent Prato cycloaddition reaction with C~60~. This methodology avoids the problems associated with unwanted nucleophilic attack on the fullerene cage.

The resulting fullerene-containing donor--acceptor assembly combines several essential characteristics for efficient light harvesting and energy storage: (i) panchromatic absorption in the UV/vis region due to a combination of the electronic transitions of the fullerene cage and a strongly solvatochromic catechol-to-diimine charge-transfer transition; (ii) several redox states readily accessible within the visible light energy gap, leading to the capacity of storing multiple redox equivalents; (iii) an incorporation of C~60~ as a primary electron acceptor with the LUMO located on the fullerene cage with the HOMO located on the catecholate/Pt unit. The small, 0.8 eV HOMO--LUMO energy gap ensures that the energy of the charge-separated state is lower than that of the ^3^C~60~\* (*ca.* 1.51 eV), thus overcoming the typical problem of this latter state acting as an energy sink in fullerene-containing assemblies.

The interrogation of light-induced properties of compound **3** by transient absorption and TRIR spectroscopy establishes the formation of the C~60~˙^--^-bpy-Pt-cat˙^+^ radical-ion pair as the lowest excited state. TRIR spectroscopy revealed formation of a 1530 cm^--1^ band in the lowest excited state, which was assigned to the formation of a fulleropyrrolidine monoanion by complementary IR (spectro)electrochemistry of the monoreduced species. This is the first report of the IR signature of fulleropyrrolidine monoanion in solution, and the first application of time-resolved infrared spectroscopy for the study of fullerene-based donor--acceptor assemblies. The charge-separated state in **3** is comparatively long-lived with a lifetime of 890 ps in THF, which is significantly longer than the lifetimes exhibited by the majority of the isostructural D--A dyads in which the donor moiety is located in close proximity to the fullerene cage.

A wide range of other donor groups can be introduced to the Pt--diimine moiety (or to other transition metal--diimine units) and attached to the fullerene cage using the methodology reported herein; where for example the final CSS can still lie below ^3^C~60~, but possesses higher energy than the system reported here, thereby potentially increasing the excited state lifetime in accordance with the energy gap law. We, therefore, regard this as a general route to the preparation of this type of multicomponent, redox active, donor--acceptor systems. The methodologies reported herein can be translated readily to other fullerene-containing assemblies, potentially leading to new structural motifs based on the hybrid systems which combine the advantages of the carbon-based nanosized fullerene cage, a transition metal chromophore, and the lowest energy charge-separated excited state, for photocatalysis, molecular electronics and photovoltaics. We also demonstrate that the light-induced properties of such fullerene-containing systems can be investigated by TRIR spectroscopy, monitoring the unique IR absorption features of the fullerene monoanion, which can be readily transferred to a variety of fullerene-containing systems, including donor--acceptor assemblies, fullerene-containing films and fullerene/polymer blends for solar energy conversion.

Experimental
============

Experimental section detailing the compounds synthesis and characterisation, TA and TRIR measurements, electrochemistry, and spectroelectrochemistry experiments is available in the ESI file.[†](#fn1){ref-type="fn"}
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[^1]: †Electronic supplementary information (ESI) available: A supporting information file is available containing all experimental details, ^1^H and ^13^C NMR spectra, UV/vis spectra, cyclic voltammetry and transient absorption data, as well as additional literature data for different fullerene containing D--A dyads. See DOI: [10.1039/c5sc04271b](10.1039/c5sc04271b)

[^2]: ‡The initial excited state(s) detected in the TRIR experiments will be vibrationally hot due to sub-100 fs loss of excess energy from the 400 nm, 3.1 eV, pump pulse.
